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Abstract

• In this paper we attempt to unify and extend the various approaches to synthesizing fully
S testable sequential circuits that can be modeled as finite state machines (FSMs). We first

identify classes of redundancies and isolate equivalent-state redundancies as those most
difficult to eliminate. We then show that the essential problem behind equivalent-state
redundancies is the creation of valid/invalid state pairs. We devote the remainder of the
paper to techniques for developing differentiating sequences for valid/invalid state pairs
created by a fault, as well as to techniques for retaining these sequences in the presence of
that fault.

A variety of techniques have been proposed to address this problem. At one end of the
spectrum there are optimal synthesis procedures that ensure full testability by eliminating
redundancies via the use of appropriate don't care sets. At the other end of the spectrum
there are constrained synthesis procedures that produce fully and easily testable sequential
circuits by restricting the implementation of the logic. The optimal synthesis procedures
require fewer constraints on the logic but increase the expense of logic optimization to the
point that CPU time requirements may be unacceptable. The constrained synthesis
procedures require relatively simple logic optimization procedures but constrain the logic
to the point that the area penalty may be unacceptable. ,

In this paper we use the notion of fault-effect disjointness to explore the landscape between
these two boundaries and demonstrate a spectrum of methods that place relatively more-
or-less emphasis on either logic optimization or constrained synthesis. Techniques used in
this exploration include fault simulation, Boolean covering, algebraic factorization and
state assignment.

We present experimental results using the new synthesis procedures as well as
comparisons to previous approaches. 9 0 01 16 1 4 -
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Abstract less necessary for etisiritigi tie test-abilit% of datApat Iport iolu of cii.
dok e ar ltApat I port ions unt. les feedback 1111 f*1. A% a resili1

hi this paper. we attemupt to uuify,. and extend the various ap- tile reinlaittitg clialletiges ill syittlisizuing sequtenitially testlalble Circuit'

proaches to synthesizing fullyN testable sequential circuits that cn are to synthesize full% /eail% testable control portions and to coitbii-
be m.odeled as finlite state umachinies (FMls). We first identifN thtese with dlatapatli portions. (oitrol portions are miost coitioil'~

classes of redunidanicies and isolate equitiolet-sf ate redundancies Iiplemteite as finitIe stat Ai achtines ( FSh~ls).
as those luost difficult to eliminate. We then show that the es- lit tihui papeCr. we attIettipt tW utttfv And extend t le various approacbea

sental roblni ehid eqivaent-tat reundacie is he re- to syntliesriing fully tesiable sequential circuits that cant be illodel-cI a,seuialproleil bhin eqivaentstae rduldauiesis he re- finlite State niachittes lFShls). Noe first ident if classres of redtiittc-c..c.
ation of valid/ilivaliul state pairs. WVe devote the remainder of and isolate eqieiei~ticredstoidtoPscjc as tliose miost difficult to clls
the Ipel to techniqunes foe developing, differenitiating seuences itiate. Ws'e then show t hat the estsentiial problemt behind equisalet-siA',
for valitl!ivalid state pair- Created b.N a fault. as well as to techi- cedutidaitries is tile cleatioti or %aliis/itvaliislte pairs. \\e decote i i
nlitues fin retainuing thlese sequenices, inl the presence that fault.- remiaindser of tlife patier to tecliiiiqties for de'celopittg duffifisliiutiiq -

A variet "y of technques have been proposed to address this prob- qufcis for valid/insaid state pairs created b\ a fault. as %%ell as 1i,
lent. At onle enld of tile spectriut tltere are optimual synthesis pro- techntiques for retlaituitig there seqieticer ill lthe preprince that faithf.

ceduires that ensure fidl testability by' eliminatineg redunedancies A variety of techntique leave beeii proposed to addres- till- trolcletill
via the tise of apipropriate don't care sets. At the other enid of At oue etid of life sertritii there Are opt imal stut liesis procedutres thai
the spectuni there are coustiained synitlesis liloicedures that pro- etistire full test ability by elliuttia Ii g edluiidaic sia t li, u'i of ap.

ducee full\ anil easilN testabtle seqilin tial cii cuiT5 by restricite proIpriate (lotH cart, sets. At t1 lie other11 ei of tie sjiei-i il .ini AI .i
of th logc. Te opriualsyntesis roceure' co.titiites s~ itliesis puoceslurer that produce fill, Aid eacik ic-ialdl

iilpleliicnation oflt oi.Teotia uhssPo , sequential cnrcusi b% restricting file iutpleuuenitai uoi of file logic 1h-

requite fewei conlsti aitt onl the logic bitt increase the expense of opst imal s' itluiesis psrocediure- reqtuite fesser couirauuui' oii the logic liii
logic ociiizatioli to the poinit that CPU tine requirenienits LunaY iticrease tile expetuse of logic optiiziat ion tothle poiint t hat cl- ilt i, i-

be unacceptable. Thle conistrained svn thesis procedures require quireueii tima~ h%1) utiaccetitalsle. 'Fte coutisraiiued sythsi ioreic-
relativelY simiple logic opt imiza tion pireslo es but const raili thle require re Iali'ely si it tle logic opt i~iititio procedhuires l)iit ciiiu'ui a i Il
logic to rthe pioinr that the area penalty wa 'vbe unlacceptable. logic to the poinit that the area pelialt% itia\ be uiiacceptatil-.

ill thi' pallet ss-e tire the niotion of fait-effect disjotidtuesN to, Ill t his pallet "t ic tilie noution of fit ti/.,f if. cduiiit.c in CX~ih~

exltlore thle laudscapte bertueet this two botit da ties anid d elm oi- th l a i sdcca c be "I iet t I ese t iso I)ou idtalles An Jii I liii ot i ci. a ii.,-
stiae a pecrum f ni'thoulstha 1ilce elatvelymor-or-ess triiii of iiieiuuil thiat place relatisel% mtor-ci-tes eiuiilask, oii Ti..

eiliplt a~s onl ei bet logic optimnizatrion oi constrained sviithesis, logic ojt i i atiOu Ot c oisti amiied sy ii Iesis - lerhliius iiec-used wt ih.

* echiiqltes us'ed ill thfis expliistioLt imlitle Iicltude fault sitnula- ploraliloii iitcliidilcticlis- raiidu siiitiilioi. BMoocai, comcing. alg.-lsiais

Blooleaii covernug. alPPchiau factouizatiou anid state assngiu- farlzlo s wc irel- exieiiigil iul auha oiau'i , ~
Wetmi prsn .eilltlrsl, iil ienwSiteipoe vaious tesiabilit.-dirseu sy t nhesis procedures thai pros islv itisuIglc as

Vie resnt ehieintmtta reult usiig lte iewsynhesi prce- to the relat ise iiieriis oft lie differeii irocehuuues.
dinies a, well ais comlparin to previous appicoaches. Basic ilefii usAnid lertuiolog; are gus ci ill Sect ion 2. lIn S.-ct us.

3. %;e resieu, I lie It pler of aectuen t I l ittisldatic tes iti FSIls I li Si-ci si,
4 isedcesc cibe geiieral m ethodls for reiios iig soi i- classes ofred iii la i

1 Introduction Ci ir au( I rev iix t luecre is regard iiig ii icotil ioiia test ahi lii of fat hi'
ill seqitetal ci-s Ilt Sect ion 5i. "c presentile tiot ou of dihfc-reuu.

al Ai a eitieti al circiiit tiecoi ttle el.\ tested iiuli Additng sc ani logic? at itg sequiteices aiisl descrcibe a getteric sy eit le ic ocesire t hi i esi i -
11Iii is ictlati'ftle it1osi opein proleilc ile area of test dig. Onte fiat- ii fuilly testable seiueniuial itacliuies. ie thletn preet a uiihteat
tiral IApproachI to sobs ing thIiis problemi i i to imtprove cttetc sequetialI ofsat tiltesis-for-testa Iilit App roachles id cer t lie uii ihri a of a coni ie
tesi genierat ion algorithmti. The primary% drawback to this approach st roitgl.% relatesl to slitrecetit at itg sisttietces. fault-eltect disioit ue

is t hat circuit sizes Are iticresitig -o quickl% tiat Pelsiigntificanit itti- And sluoi% t hat tires lous syttliesis atitroaclies caii lie s iisest as p'
proseetntr ill seqtuetial test getteration Algorithmtis catiit keep up. A cial Cares of tlite genteric siiitlisi tsrocediire. ]ii Addritiont. ice crls-t,-
radicall.% differeit Applroachi is sytttliesis for seqiteilial testability. Ill ite Booleaii coverittg and Algebiraic factorizAt oti tecliuies thtat recu

its Approach it is lthe st ritture of tlite circuit itself that is imodified to sent ittertilte Poluttions to tile probleim of s it ulietizitig fitly tes tleb
prodiuce fudl testable desigits. sequential miachIintes. Prelititittars experitmenital results usicig tlife lies.

The idea that logic r. it Ie,,is Attil oji i~ttitl Call have a ver pro- sytin ss procedure proposetd here as well As coniparisoit to pres loius
fotundh effect ott tile testability of a mn ttliesizesl comintitoial orsequeti- techniiques are gis eat ill Sect ion U.
Iat circuit has bseeni reccogtied It)). The relatiitsli betweeni testa-

bilit% o til Booleani iim tizat iont for t io-le el comtbinat ional circuits
dats back to lte Quiite-hic~luskey aolgorihmn [101. Notions of primec
itsplicaits atid irredundatt ocoers aire basic toc al two-level Booleani 2 Preliminaries
mittimnizat itn procedutres ftil( thlese inly itimn it to stunck-at fault
redmimdattcier itt two-leserl Comintational circuits. initial work iii tile A variableig is smbocl rcpreletimg a sumle coorditate of tle Boolean.
area of nmuli-level logic syithesis and testability involved Lte useof im- space (e.g. a). A literal ist a variable or its ieatot lg. a or 7). A
plihcatio redu"es to elitinittr redutidamicies iii combinational logic cube is a set C of literals such that r E C autupltes 7 f (" l.., 4t.Lt.F
ciercuits j2r-Thet 1eltionshtips betweeti redunidantcies and dottt cares iii is a cube. held In.ff) is; toota cube). A cube representts lte conjituctiont
Combinational Circuits w-as more thoroughl- inv-estigated in [1), where of its licerals. The trivial ctmbes. writteit 0 And L. represent tile Booeatm
tile miotiot of primialit% aiid irreoduttdancc- were 4eneralised for mrulti- functions 0 amtd I refpectiVel). All exproession isla set f of cubles. For
level circuits. Recent work iii synthues for testability has been able to example. I it). 16.)l is ant expressiot consisting of the two cubes J.1)
en'tire comiplete miultiple fatult testability for miulti-level combinational and 16 ) Ali expression represent tier disjmmction of itst cubes.
logic ciurcuits 19). A cube may also be weritten as a bit vector on a setl of ariablcs illt)

Relt iitltim, l~t s-eti eqentallogic x itt lesita a ic noti-lcan seqitei- each Itil POsit ioll reproeilt i tig afist itiict v-ariable. Thle s-alties tsietii
tial circuit testabilit are equally itititimate. Scant logic appears to be etach itl Cani be 1. 0 or 2 (or - or loti't Care). sigitif itug lite trite fotlio'.
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ntegate-d form ait Ad non-existeiice respectI 'elI% of thI e %a nable c or respo nd-
ing to that position. A minterm is a cube Ailh only 0 and I entries. Pt PO 1

A finite state machine (FSNI I is represented b% its State Transitionil
Graph G(V * E. I V(Ell sliere V' is thbe aet of vertIices correspondiiig to flIWd
tie set of states S. Ani edge joins I', totr, if t here is any) vector of prinian 0/
Iipult %alties that causes the FSNI to exolve fronm state v, to state t.La 24
11"(E) is sel of labels attached to each edge. For the purposes of this 1
paws-. we define each label a.s sit ordered 4-tulile < i. s. s ,0 > whereI
is a mti diiici over thIe printar. inttlis. s Anid s'are initteritis over f ile
state variable slaid o is a ititeriti over tlie Itrittary outputs. The pair a

representatioln of tile FSNI; for each edge we will refer to thle set of all

suci pairs As tlip output-labels of that edge. This label caLrries the tb)
iformal olt of tilie value of ( lie outpiits ande iiext.-srate resulting frotti

thle t ratnsit ion. Tile pair < i. s > correspotnds lo a iniutermin thl(le inputFiue1A yenalOcl
platte Ofa truth-t-able represenitatiotn of tile FSNI: for each edge we will Fgr :ASe~iuta ici
refer to the eel of all such pairs as the input-labels of that edge. This
label carries thte itiforniat ioni of thle value of dite inputs and previous- A griteral tiodel of ai seqiiential circiti S. ititilctenin itig a sitigle [sMl
sate- that caused tilie t ransitIion. ,is altowi ini Figure I (A). ( aes il inle coiiibinatiioiial ntet Wock ilia.% lie lit

W~e denote the pritinar% iniput combiiiatio ottuid present elate corre- til Colic of tilie out pit logic. th li iti-xia ce logic, or 6ot Ii Tile Stat,
sponihtg (oa Ru edge or set of edges As '0-6 s. where ianid s are cubes Trantsitiont Graph correspotidiigi t.0 oute such miachtine is shots it ii Figut.-
oser I lie etl of inputs and states respectivey'.. Thle fait of a state. q is a 1(b).
set of edges and is denoted Inivilql The failout Ofa etate q is denoted Reduudlait faults inl S mla% be eombiuiatioiially redtidaiti ICR f's
fottoidl). Tue outplit atid the fatiout etlecofalt edge (-I& tS)E E wae 01' sequenittA1ls redunidanit (SkfFs . ('olttliiiiall recltitdaitt ('1I? 1
a))' I'cb s)) atid iptlli 41 s)l E 1' respiect iel 'N. call be elitiitaed sta cotlibittatioiial logic opt iitizat loll alotte 121 I-j

A start ing o1 iitial state is Assutmed to exist for a mtachiine, also atid will n~ot be discuss.ed here. Seqlei tall.% reduiiait faults ct t
called thle reset state. Given a loic-level fitnite state machinte Withi classified into ttrec categories IS).
A'5 latches. 2', piossible etles exist iii the mnachinie. A st4at~e Which 1. itiv'ahd-stale faulls: The fault does tiol corrupt att faijout edlg'- of
call be reached1 

froii te reset state via some itiput vector sequence is a valid eile iiifthe STG. but does corrutl tile fsiotit edge of at,
Called a valid state iii the SIG . The iniput vector sequence is called the iiu'alid staie.
justification sequlence fot thIat Stale. A state for whIichi no just ificat ioit
s,'tit,'tte exict' ts calledi alt invalid state. Gixeit a fault F. the STG of 2. ispitioil-bir f,,01,t: Tile' faih r-utlts in a fauilt' iltachttil' Owt
tile ili i iti ile fa tilt is deutote ci) ". A differentiating sequence isomtorpi tiAIssitli a Ii flerewiic coiitig i to tile origIital I i uchIit'
for cltle %, aitd A2 it a imachlinte is a sequteitce of ililili i .~ .. i~k suet
that if lie Inachitte begitus ini state .sl. five onlijitt associated illi ittlttti 3. eqir'lit ali slls: Thle faih cslts. tn'iercttg'c.a I,

?ix is dilferelit thAt, if tlie ittacle tiegis Mi stIate 52. Twso stales ill a of eqtuisalett stats litfile SI ('.

S'C,* G are equivalent if I lie'% I(ho itot Ilave a differenitiatinig seqtuence. hii [A)i. it sA- shotaitlist all\ -eet.ttlia) rediidattcy ii fall itt o
A STG CG, is sail to bec isoumorphic to aitoliter STG G2 if aid on)' of these classificatiotis.

if ilie % are itleical except fat a iens iiit1i of siles. Let Its lox% ltook at sot ie cx ailil's of (Iliee fa Its Ai fati 'd it t

The fault model assutisd is single stuck-at. A fintie state machtine respotidiig toalt tii ltd-staf SI ss'i i t F \,i itr 6111 t Ut, ',
I- as-uottd to 1)e ittipIsletttwed 1In catibittat ois) logic atid feedback ceg. etdges ftoitt atl tt'.altl-'ist lisa- Its ceorili'I l'it, coiresltt.I.
isters. lesis are geitersted for stuck-at fattlts li the catiibintioial logic either Otttpltl/Jle\--lr logic listl is t101 colittit'at t(,t)Alt'tl\ ,

liarl but requlire- fat deterci Ot af thatlt-e c egi~tec of tiali tt' ir Iii' ) 'U.d
A ptiise gate li A tietwoik i prime if liotte of its itiptis call i, milIt a stAt' codle Iltat do,s ilt cottespottil 10 PitS xatill stt, I n, .

reitmed \ililitilt catisittg file rcstltitig circit to b~e fitictotialh difret. r.'cltttvtltcio at itiall ' \1~ doctit itt itic, til itt et-tl' .' I-,
eii. A gate is irredundant if its retsll RcRSites thle resultiticircuit to beeni onu iizeul itidepetideti Ih oft 1l1e slate P.sstgttiiit
be fitticiotiall differetit. A gate-les-el circuit is said to be prime if all The effects of anl iaroiitois'ptn S1( are slion ill Figite 1. i,1, 1. a,
tile gates Are p~rimet an itt iredundant if all b le gales are- irreduntd ant. isait orlplt ic faitl miy tacin te quis a I-it to ( lie rile it sc Itnte I is dil fI
it ralt be sit r'.'u I hat a gale-leel ci rculit is pcitie And ir redu iidait if and fil whtichI s2 atid( s3 Its e beetn iitercltantged . Tliis ac irs "hel liei
oitl\ if if is 00VZ testable for all sinigle At tick-at flaits. itext -state logic inl tie good muachinie which produced il le stale cns).,

Vlie differetut isle bet uecit two k indis of red u iIlls cies ill A sequent ial alssoc isted with It-2. now% proiltices tilie Mtate code for 03. attil ?I,'( ?, "
ccciigi t. If tilie effectI of lit- fatili cannlt be obserl ed at thle prit tsrs\ Fun lien ilore. the outlilt logic is si ititl is iteotsl\ iiodire 1je) ill, fIt.a
antIS liisOr tilie ]tex t state lities. begi it iii11 froti ait y' etle, Witlli slly i Sucll a wtha f iIle 0111 ttI s dkie 10a elate Code-sa2 atid s3 Are a 1st,
liillt \ector, thle fatul t is d eciier combinationally redundant. A swapp~ed.
sequentially redundant fault is a fatll thalit Canttut be detected b\ lit higutre III)). 1101' thiat states .2 andi .s4 are rqigtialcii states At,
atyii)ipt setleite anid is tot cotitbitiatiitall% redunidatt. fqn##til il-stals 5*j)J ii S niAy lrodnece I lie falllty SIT(; of Figi ?gItI1A'.

To dletc a fathl ill a %elyieltial tiaclilie. filie nitacliie isaQ to be %liere lie0only i'llil-laliel associated %itlit lie edge < ). A'2 > is n.',
ptlaced in at stal. which call tile]) excite And propagate tile effect, of the to a lie%% edge' < si. x i >. Inn lierttiare. filie fault does tat cliatir'-
fault to tlie primary,\ otut- . The first step of reaching tle tle thlfie terinal ieltAvior of S. AAs 2 aitt Al arc esqtisaletit. tlet faitlt i,
tnesl ionl is Called state justification. The secotnd step is called fault utidetectable. This corresponds to a logic lesel cluaige sItl lt tat %'litl
exci tat ioss-and-propagat ion. thestle register lioldst ibecodefocal. oti tile Input -0- file falt ynet

Aui edge iii a ST(; ofa mtacliine is said 1.o be corrupted bya fault if stitle logic produces tie stlte code for s4 ratlier thianiIle selaecoile fut
either the fatiout stale or alt output-label of this edge techatiged because .
aft ibeexisltec ft lie fault. A patl) iii A STG, issaid to be corrupted if Creatinig anl irredutidaii "eieiiiial iiacliiie etails e11lititiilug IlIl.'
at Ieows one edlge iii thle paili has beeni corrupted. sources of redundaitt falifts. lit lite iexi sel-tialt ile describe somie gilt.

Internal single stuck-at faults in a logic nietwork are faults on internal eral procedures which ehiniiite file isomtorphtismi SRFs alid inli'ild-5i at e
lii es (not primtiir inplut or primiary' out puts) that are not equivalent to SRFs. and iartially eliminate equivideni-state SRFs.
single or maultiple primnary output stuck-at faults.

4 Elimninating Redundancies in Sequential
3 Redundancies in Sequential Circuits Circuits

li tisw in e htrctrieredutidanciea in sequential machines. We Int this sectioli. we Will stsrl general inethods for ehiminaiitig certaiti
lrit t o iow c taale rednaceibylong tteefctfa classes of redundatncies .:5i . 'al circitis. we trill shIlOss that iiiple
preset o iew oftlt Ste Tredan cieson Ity' looksiwig at o the geffe el procedures may elituinat, . I-state said isioxpt'sm SRFa. but thle

falJt h alySal rniinGaha ell asoitegae I difcly in'itbesiziiig lIt, ftatable sequential1 nwaclimes is it) eliiiii-
ittplerinta io o I ie sa hie.nat ing eqiuivaleiit-.- SAF%. 2 First -we give tI reuts that relate

'lie re&Aei need 11o1 be eonwuc overli rallier s'ertboeecriiptioniof at FSNIt to I-he elitiinatioli of all three CIsA"" of SRV' wo e.
itifm tiet out)' for nc'ialloo.J conseosene in it penfa aid inonet of the esgoittuti. 211 sims' b.'..oill t.'lIg tI'm thai tit it.. Ill, tpw'e Il-Asir ioitc.4 s

Iieeliud"0"iviii) leci 5eii~ealioii elaii-.I Csuls.ii'a scsi qli.iallni 1tU. c~i,lAl.... i.

2



&303. thjai < 001 >. I le lfersoii-parit 'Nililariaiice is tiattirall' prodined 1,.
1/0 110 a in itler of cuirret~i Isi II liesit proi'iliirez. ('fear] iit eriial fa tilt' if) a

1/1 ~~two-Ie~el combtia ojal iiet%"ark Are in~errioii-1tarit i~ariautl bl)C il-
Of (b) of all inverters are oii the primilr% iupl)Ut. Snitilarl%. circuit- obliimil %ia

0/1 algebsraic factorizationi froil 11wo-_lesel net works tttA% Also bie direci IN ex.
premed aunt that all their iliserters Are oii tile lirimiar. ilipitt. Q.E.D.

*2 0/I @A .2 The ab~ose thleoremt does tot hold for FSNIs implenleteci 1) gi-,
eral ti-tub -lesel nietw'orks. nor for FShIs %%il I State Iramiiition (.rAt,i.

ill l/t(STGst) cilb freer tltait 2'! stale.,. whltee 1,ii lte litiibei or lail,h-
in I lite iiiarliiti.. lit Sect ion 5 wec dlefine fbi oto of fatih-effeciif

40joiiies, wilcit. u Ili apliedu ill a - ilitsis pocedtiu-. call gitalt..--
.11 thfie Compileie i"etililt or ai getiettil seeiil a) itci li 1 elitiuig 1l,ai41 -10 ~ each fatulty staic has an uticorrupt ible different at itig tect. iece. IN e ioi,

1/0 proceed t-o discus,- fechitiiqliter for tlie elimiinatiog of poarticular SHFs.

1/0 4.2 Eliminating hivalid-state SRFs

Il /1 0 To eliminitate (hiere SHils. it is sufficient to use codes corresponiding io
invalid states aa dloiit calres duirinig logic optimnizat ion. Aui iiahid-slii

10l 1 a / SRF is due Io lte sub-optittial usage (or no ustage) of these dloi,1 cares.

L.....>zI" These redutidauries will not exist if lite comnbinatijonal logic is ititi
93 94 irredundat under this dotit care set.

III4.3 Eliminifating Isomorphism~ SRFs
There Are inan wy usy of elisi rig that isomtorplic isiti d onot rrt ell
to faltis ill se(Itieiitial circuits. Iqoiitorltliiii due to a fault it essenittaI.
due to a siptnopli i stale assign iii r S. The urn" enicodin g (or responin tg

Figure 2: 3 T% pe of Sequetntial Redundanicies to tlie isontorpli represeiits a better muachine (otie with ile reclundawi
line renioved). A locall Iy opt iiial state assigitueti aros ati' gui cii
aet of state call enisure that isonorplii does iiot ocr ir iii iiulti-Iel-A

4.1 Theorems Regarding Unconlditional Testability circuits. acrost this set of Staes. It is suortltiie to niote t tat optii,,
otiie oisii tuewi cort csiids to tlite opii itisge ofrcloi' cal"s

laiioils of ilit- resiili belot'%ej "ci. It jsell 16 t cf Leitmia 41. dloes o care' il the. coles of Ihe ulifletivio sitet aic it long a, ih
Thmoeilis -4.2 aiiil -4.-4). are didi iltri .

Loeinisa 4.1 :Gu ii i-udilcd stqliii/ n cnhtii (intinucuttds fi T%%o-lesil realizations atiil algebraic faciotizatiouii also -llimat,- Il
Fog,- 1) nithl A, < 2" so'cfs. t-h/ti it is I/l' ,unbfr of Introift; i ih possibilit, of isoiorptisun Sli/Is lb.%' ti arginiut u1ed [it 71 l1uu. ii

inicihl,of. a(/ sing!, stui-olf fns/liA oil flit )limltly inl/li (PIll//i-cslto
Asol, IPk fiilS nod all oi~ nitt llltldi( .stiil-tit fittlfns oil prilily
os,,t (0PO)/uicrt.5tnf liu(n ( V' 111 ioi, f(ql. offtI, roiniliioll ogtt- 4.4 Elintinlating Equi vale nt-state SRFs
do, ! .Ca I Etlimalei-taie SlilI aw' telAi.-i tio eitlItlltt al ,) \ all' And

xallil IlsaliIfda,- tn, a sittitittlal t1lao-ltill. ( (ICt. a 1,0-dtI-, itc,
Tlii leimla ustefully allois it. to ititi il,1 cotnsilIptatlolt of faults fot a fltl Ithat collilst a ed1g

1
.ullI gottllg lo a fa,;ll\ 1,11 tAll.

t 
'1.1, -

ml' lachtine. as lontg as \%e huase Ittal- tile collllltlatiollal logic prime~ ticit be respotiibi'- for a SlilI. stine all 55111) slates a?11t , ('-~-

4.1 Gl-ci ii rdind qiiciliul l~tl-/tsc -it/ 2'abnei. SI' ofic t oom foil FitIgmte 21ai. \%,tse . tmta\ liase, a ca'- x~iri l' ,,
ThI'eorien 41:Gri odrdtq~oilitrio il "sofs fault results ill a iiisalid texitstate that it eutlisaleil t t ecolli es Ili-
roll( Irois IS ti( illillit tiof i lifs- h ionrh/lili - if Ilhr cltimiiltioutol Isleit to t(he trite liex'tstail. I liit islhstirales) ill rigiii . \\,. il"t.
ofli- of I, iliait(li prtliil( ftiid iirydan dapitt and is ttl/citctl~ill~ thfie trite ST(; itt Figulre 3(a). thiat is stale iiiiiiilial. 'I li tiusallul sial.-
fin-li ccl for till ti iget nicit//g fit cfri isiinti-i i-c for-i.~ til thr 114 64's code hias lwei ted as a doll't ca re solid 14 is e~i isale,It to Fl ait.. C
(/hin( is folly tatirhih for itlI sitigl stitch-ait fiiil5 is t/lt cotittinatiotlI after logic miiiziat ion titti tfisl doi" care cotudi loll A fatilt 101141
logo> result it t lite sfeltio slis ill Figure 3(1l1t. " Ide a 5)- czl oti 11110'

Proof: The terinual heli' b of a reduced mlachline witll) 2" states edge whose true tiext state is ;2 produres A fatilt i iex tate. s4. 1Ih.-
call 0conk le realized b% a iiiariiwitie hil > 2'" stttCV No faltill tI I ta 1 )511 i os 1 1115101. dEll~ll esI (oftst~ il-erle . ill t les suit ni--

unachmte caii ucrease tilie luuisiof st Ates lil tile inacltie. Theeoe. desote thIu( relllaiiei oft lie tiallt to clsciissiitg *aosjeci rtiio elliti-
the tinuber ofmsates ;it thle faiillt S I (I (F for ant\ fatll F is lefs thian that elitiiiiaie thueim. mo

or cItial to 2". If iGri < 2'. t locos F is tesitble. since Go' caninot realizie
t e terunitial Iseias ior of t lie t rile Sit( G. If IC-Fl = 2". tlei GT ha, -s

to lie isottiorpltic to G inl order to realize thle teornunal heluavior of G. 5 Distinguishing Sequences and
Is-ontorpuisin imiplies at iterchange of st-ates anid asociat'ed ed es

iti tlie STG of a jiitacliiie. BY Lettmta 41.1. lie otl) have to cotisiolec Eq uivalent- State SRFs
itnterntal stuck-at faults iits lite t'so-le'.el or algebraically factored multi-
lese nilet "-or k If for each itter i al fai It. tile pa ri t ' of inv ersiotns is, U Thte ott etera I parpad gi for tlite el itttiiaI t of r~iiiale I i st ate 10I1I1
."lite (eit icr odd or eseli for all pat It t-o tlite tiest-state latches. 1,heit is t-o eture t hait for each fault. /fauili-frer state tuar produiced 1)% A fatilt
souttorpltisin SRFr will not occur. If this inmersion-parit% invarianut is at lesat onep diflereioit tilg selteces exists %%hici It tnot de'tro~ed 6As
mlainltainted thten All fie inpul--lablels corrupted b\ a sintgle iut-ernah-fault thtat fault.- This isai necensar~ a ind sufliciet cotiditiott atd wshile obs olt.
unifortilv result ill all st-atr codes it thip faulty machine nottot-onicalls We entcapsulate it ill thte following obiservatioti.
icreasilig or mnotlo oclly decreasig bitt not both. Thus. a single

fault could not lead to I lie swapping of staste codes required to produce Theorens 5.1 :Gate,, it olmeqiutal inuachtuus vitt "ot con uimoiially
alt taotorpltinit SRF. For example. a a-s.D fault tniglt result in tile redussdiotfo faut. otu-aid-sotahf SR Fit or itaoiloisiv SRFs. if for eaich
next-state logic in fihe fautlt% mnachine producing st-ate code < 001 > fault ain h tarnittr at iorsta ont, (possibly rnuhsirt~etor) daffrrnfrsttaiiu
rather thatn < 401 >. but t-li same fault could not also causeo the next- foqussefor of liaii ont folaltgflalfrvo, off 1 pifirprwidord bi* failtf its
astar logic itt tife faulty machine to produce st-ate code < 101 > rather Ike ttjicbrh is r.u-ulatord ini spiil. oft jis, a . thfe Ike estu sqeta

___________________ achinoe is folly torsoffloc.
abot NP-cotupleta. when the input cintit is accompanied b.- a PSM description. The
ieqjersuiaJ test Seneratin problemt is cicarh NP-tumid, and as an - lot sequence for There are two contditiolts fondter whticlh a different jati ius i~ttei
a fatlt is boquidest b,- the lite of the irtnpiu FS1u(. a fros sequecue may be serifird i retainted. Tile firmt is tltaot Ithe faullt which prooilt I tlte fall,:iXsffanlt-fr "I
pots-oinial times bi a faull sumitllor. Thus Ithe sequential test generaionu problemn pair doest itt fact corris tflip difleretltintg nerfiteutce. bitt #hIe ImeIjasior
i, also, conlaiiied in NP of the fal it y mcliitie is stIll distingiit hable fronit tile good Itacli itt V o
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a fault call le propagateil to. ill flic-leucl or gene-ral itt-l..w (
,Aorks. S '% t I e s procedtret, call lbe d Ain ICIe I Zed 1) % retrt I t on o

31 fault% I/faith -free slate iiaii thfat call ocur. placed % a scoutl raillo

111 10 93all /0 aon .gic Opt imtizatioail
2.w are produced a- f u t /faul -free p ir , (oisiraiuied stat assign S

1/1 ~1/1 mii I call be used li conjunictiion wit I logic optimizat ion 10 rest r ici
0/ 1 00,0/ what avajibolic -tates- call alppear a- fauhtl /fault-free stle pauts.

ot 0/iNe do itot explore this approacrh further ill til, paper.

1 23. Obtaining IFE-disjointness: For A t% faulth f. a aalitl/ittalid ItaIt
.2 4al 4pair is first act iated b% anr iinput in 'a particular st-ate. It. I) at,

itiptt-Iabl. Eaich of our procsdures enisuires thia t lie fail t f us itcli
pert-urba thle iii tit -lalrel ill, andi produaces thle validhit a liii ro-alI
prair does atotl also corruipt thle differentialting seqelnce f .a. sill
for the iaivalid/valsl state pair. Ttis is. arnsured b% imakinig file

(b) ~ iitpiit labels alit and 1112 FE-dijoiit. There Are sev-eral ritetliods
b) ~of obtaining FE-disjoii ijms for a pair of itipwtilbelf ov-er a fault

iii at FSNI impleiiictited b% t wo-lesel or inull i-level combiijaj ittsl
logic: differeuit ttaeljods are cliaracterilic ofldiflereji syntliestis al-
proaicies. For exajmllle. partitioninjg the outpu aid jext slatle logicl
it a seqtuenitial miachinie ejisures t hat Ilite Outputt Of a falts1 Mtai-

Figutre 3: A Coimplex Equivalenit State SRF (produced 6%- a faith iii the NSL block) is trot carriupeil hu, tl,
fault. Optimal usage of doijt care. represets aiiothier teclttiqutc

ijtssljce. sa% tuotiates 91 antd q2 ci receivitg the iniput it produce out- t nueFEcijiles

putts ot atud 02 resprectisely. ifq,/q2 appears as a faultfIlault-free state 4. Mtultiple-cycle differentiating sequences: lit general. difrei,,t-
pair tile to a fault. f. thteit f ina corrupt 01 i-a ol The different' itting tiat iiig setueuces, for a giseit pair of states mal luase lenigths greatet
iliput i Iirs t ill retaitied if ot1 I o2. This conii ion is discussed ini Sec- thian 1. It) thiis case, we require the in putt.laliel it?, Wltich AIt i-
tioji 5.4h. Tile weoiid cojiditioji for retainmentl is thiat f does not corrupt vat-ed the faulty/fault-free state pair to be FE-cdisjoiijt froit each
01. or more geierally that anty fault whichi creates ait faulty/fault -free of I lie itiput-label, 112... litre corresponding t~o tile differeintiatinig
state pair does- not corrutpt tlie differeittiatiigi seq~uenuce for that st-ate sqeiefrtefut tae
pail . 'Ie asc uss t il itt thle fol loiilli sect itns. itt %%ill iton sham-% liota flrcaiottsl% lropluoel t t ~~lis itt ouelt it en u-s

be ioei ed as dilerent aflfroarlies to ijisitritig thle iii aria itt giV ill

5. 1 Fault-Effect Disjointness Thieoremu 5.2. lit Sect ott 5.2 use cotiier piroceduires t l etlsttu Fi.-
disjoiies. tlirotiglia highly. restricted iitpleiieiitsi iot). 'I Ii- proceilti

Tire elinjiujat itn of e~juiavlentt-st ate SR Fs is etisured whlent differetiat ing hiats the aiiasut ages list it is cotlipttiat ianall1 itiexpetisia e Attd lth- t it.i
-saittietices. for possible faulty%/fault -free state pairs produced due to a for getteratitig tests far tlle reluiltitig logic is also reuced Isee Sectionl
faut. Are uitorrupted 1)In thtat fautti. These seqtetice mia'. of course. hre 6).
corr upited 1) ' at ther falit It. 'Till ir isaccoitpl islied b.% delii tg filie iio lit Sect ott 5.3 we sitov t hatI FE-disjointless i-atl lhe i5la it -jwI ii,
of fatilt -effect lisboil ess (F L-di-sjoittt tess) bet wecit a pair of edges antd t us-leadl rircitt b% iodifa" itg Ilite itit tial Boofeut i- ci I it, I I-
apply% jigl it to coijibittat iojal inet %oi k,. disioiirtitegs itAsrtstt catt thent I),- fttiir ettele lit a intIaIii-

pletieutatiot 6% i-tttts titiig ftt. algclutai- fsrtotajiout offlt i l..l

Defiinitioii 5.1 : Gi1111 at 15.1/ .11. a 57( 6' ( ct-csitittg Al aitd at itttphi-ittcittsiot. I lI r-stilitlig iltiftlu-,lnital ioul has sigttttcalI' .-u
if tt;/ titi tl,n L oft!, it faidtf P, .said to pcrtiri at, inpis? rertiiciioil that It,- itutpl-itettisioui' restiltiug from il- coit-t at.-

In/,, it, of tldt iii C. ifT the /atlt rL h e in rpti-ahbii N )n or itlet i-, listt -ilerartihot itt Si-rin atil id d cii li'. i i
rr io teid foo it (an tid mu d int a itetfi ei gu. liflettetitat oti (see Sect ioti oi. lte p~rocedu tres basetd otti-O eliitg all

f,sctorizAt ott also Ita' e iatty degrees of freedottil it heir ahiitioi,
Eicr ' fa tilt thlit pertrlub sit edge calrritl ite t edge. but a fault mts' 'lte. 111a.% he Appl id 5o as to illillitilire C-ompuittatiottn litle i-lht il

corruplt anl edge a-ithout clhaniginig the fallotit st-ate: wh-lereas esery fatilt patetiail for alt iniferior intpletiietiation or t hey aa lbe appfliced -0 a,
thfat pert urbts aii edge chlanuges thle falioout state. aliilie tile size of file itkiplliejit-atioul A atgreatier cotiplitst ioa colt.

FitiallN. iii Sect ion 5.5 we discuss a procedure that acjies-es anl alit ital
ittpletttewittott lI) it era tis el rpmoving 511 fs. SiC It a1t Appiroach lli tt

Definition 5.2 : Gitr-e a FSAtl Al atid a STG G reitryseittl Al. a tiis lte Fr:-disjo ii ess ilniviai as useli. Froi tle results itt Sect iott
lltr-I(il ttttih pt( tiitito L of AfJ avid ftuo inpuittlahts tltl aitd 112 of 6h se e that thIis Applroachi is tli Ite nos cailipltiliat otally expllieic bt
fell, tedg. .~I aid f2 tto G. 1l1" 1110 l/Iatle t Its"f 1"? fit said to bf FE- also produtce,- tile simallest logic.
dt.o ;otttf otrrc a set tf faits F E L if tto fit ltt F corrupts both til avid
1112. 5.2 Constrained Synthesis Procedures

Bamed ott FE-disjoiiitiies aloine. we call define a geiieral procedure The procedure of[7] adds edges 1-o lite initial SIG. specifticationi to raise
that produjces fully test-able sequential machines. lite fnmber of statest iii lite STU' to 2". whiere it is tlie nuilibe of lat cIes

Theoremi 5.2 : if erach of Iht is puot'-labll. in at kest otic i'pouibly iii the machities. Thus. no inivalid statest exist in the mt111ialae. If tle
intito~lf-r-f'tor) dvvferet iat ii seqairvirf ofe at last of,( fealty! aulf-firee added plaeudo-vauid states aire not equs-alet to the other sltates ill t f,.,

Otat pitir rodscred liy a fault iat the, iachirtf arf ,tide FE-isjpoint frovtt nicliie. thliu bn Thieoreui 4.1. full testability is olt~i-aed itt at ta-a-lea el
t I oipt ih

1 i-oeprsbtoecue h a/ /auffe tt ar or algebraically fact-ared itjlti-lcacl imlemienitationi. Tire p~rocedure-
Ih& tiroault(ii (hsequenial nasoncaued th fsl lityltablitIesae.ar ensures full aid el-sy tesatability% iii a genveral mult i-headl logic iiiipleinet-

th~nihfritsrlbig sritcritfta riilacint to ull fitfaber.tation. via constrained state a .aignianent and logic partitioninig. I Thle
Proof: Sinice at least caie differentiating sequence for a faulty/ fault- synthesized mu-himie is eaily .testable in tlie seatse I lint I-lie lenag t of A
free pair that is produced due to a fault is umcorrupted by the fault. differentiating sequence for any possible faulty/Wiautlt-free stte pair is
travrsinga thle iitpait-.abela in lte differentiating sequence will detect the limit-ed to 1.
fault at thle primary oautputs. JaD. li Figure 4. thfe architecture usled by the procedure for a FIlealy iiia-

ehinep is shown. Eatch of the text state (Ns) huesm has been realized at-
The following points are worthy of note: a separalle circuit. The conistrainlt oi1 the state as5igiilwit is that aily

pir of statesa that cannot be distinguished .-ia a stiigle-,"ctor seq4uetvce
1. Possible faulty /fault-five pairs: An extreme case coresaponds bgivein codes &t least of distance-2. Wie state the followinug Itheocetit

to a fsailt resulting in all possible pairs of states beconiu to put the procedure of [7] in, context. of FE-disjoiifutesaid Iheormit
faultly/fautlt-free of-tte pae. However, depending on the type 0t 5.2. Only internial faults swe considered since PI/PS/NS/PO faults, are
implemientat ion. thet ef o a fault varies. For example, interinal testable by. Lemmat 4. 1.
fatalt in at two-lea-el or algebraically factored network uniformily
producer a 0 instead ofi a1. or a I instead of a O at the out-puts they rah, lives panes-dioe a tI-all, opiiut Mal-. vrssivelteu is iro revsaiti fnr G,It
ore propagated to. Logic partitioinug call restrict the set of outputs teptaaitatu1 inl a geet miti-teset aaapteinmasi-ti.
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Figure 5: Moore and hleal) Finite State MIAchiiies

IFF Definition 5.3 :.4 Distarnre-k-foritm-cube (D-k-priii-rt) of a
ifrtie cwli r is al tihe that has eifly the( rarmables of c and a I (t) it,
eZactlM k positions wlhere c has a /t (J). tit any comniattoii.

It is 0only Iticiiiingll to talk Abot a D-I- pri iw-ciibe relalis e to Ila;.
ticular pritti' tube, bull wheiteser tile pirimle cube thlat 'A bI ri f- rIt

Figure 4: Architecture of Partitioned Mieal.% Nircluo to is unatttbiguous we will use thIe terili D-L-primfite-elf to a 1Tbreste la1
D.-pra Iir-cube t rIa itt to a pii. rub.

Theorem 5.3 : The( lroceditif of Ili] re suits Ili a inachiiif where all
,toissilht fa tifty/fauit/-fit,, sin Ic pain, Si, fe not it ernalfatit har itiftfr- L.emmsa 5.1 : G l t - G andS a '(-I i ilfl iSt inof T of M.
iitttfitt sqtlt of Ilmngfh J. that arf FE-diojoypit foin the( rnptttd-labtI and a singl, title ial fault f oi T that p.tifttt, alt, ti-ll i, of 0,,
ithet pe iforbhvii't caiusd I/a fatelty tat1 , edqe ( 6 if f t1 a7 - .s.falt ol it, hi iiit of at, 4.ND goi Y of I

ltit lot I, rotwiuti,d ititittIb then jrtttehi/ a,%o,,at~d ttt, iy, apid ,'fi ,
Proof: Ali ittertal fault i filie OL block rant otl be propagated to ft a A-.]~ failt oilth i/ti ,titt of at, .4,N*J ga( g, (if T Ihi t I it is cointa-,,d
POs sind 0 )s c a)i ot caluse a fauti Itate. NN tt ftot II loss of getterali Iy tl iiaD -tii;ecth iaI it
constiler a fault titIit NS lute part it ion. Sitte tile contbinat onal logic Is vti ~ at(t

irreduiidaii. aii input-label atnd present state exist Ithat propagate filie Proof: First, obsetrve thlit we call colilps tilie itterial faults ill A I 1-
effect of flie fault to tile lt1 INS line. Tltetefore. tite fault% stale wtill les el itet work to r-a-I fithsl ott filie AND gaite iniftt. s_-.0 fait. a; AN 1)
differ front the t rue state il life 1st bit abt. 'Ilie stale eucoding is such gate outIJ)ltis anI s-A-0 fault. at OR3 gate iulpttto. S-a-I faltsl at AND

a; filit fault) ffault-free st ate pair pospes a differetiat tg sequentlce (ae out puis and Oil gt lfitsaeetiaei osigeO ~ll
of letigth I1. Thle part it ottitig of flie OL aniu NSL blocks gitarait; en 0s-- Vals -- 0 atIoatADgte itifttlts are eqiialetit to ri,.
FE-dlitoitties ofilie differeittiattig \ectot ltoutt thle inpjut-label tiltos-, coriesitutliig '-a-ft fault at flit, ANDi gzal- Out pll.
pert urbatiott caused thle fault'./fault -fret, state pait Q.E.D. Suiwose f is as-a-0lfault at the ut hut ofati A N It gali. 7o111 wi

Note that il thisttoitit ini roijitc iotiitoll Tteoteti 5.2 enisures ;it f ittust %Ntil. ttt tiloe s toaitit u-;. il lc Iiitkul-
full/eas' testAljiltt% fo; tilie sittlesizedt/ l) 0Wit S-s-fl f(iilt. tOM- Mt is e-Otiisjedli IOi~i tie fnlltl cli ) asll' ~ j u.'t.!The coltotraitleils ttIe proceduire (litsr we presetited litre niah;;- %%il Yi',. Note t hat assuittitg coiulie obsersAbilit ' of all outpitt'. altllaitta fault-effect distofiitnes at a cottsieerable area peltalt%. Ili tite netsaeIue n atsirisats etrf;f
following %ect iotts we preseilt ploceoles that ate less rtstrict.e Oil tilie B) f-Sat ]itilar cargll i for altAinput laelo or eff ti i~asa
opt ililizat ionl steps in B\n etsfaul fi ati Oine fate aliit - inutslabel contao te e lt in bNt at qati

CIthef a&sociateel Witl I lite gale g, thtat fatls Otit to tfite afffCee OIl gat.-.
5.3 Retaining FE-Disjointness Through Covering Thtvs thle sft of inpu~t labels pertulrbedl by a s-a-O fault ott all 011 gat.

and Factorization input thtat is fell b\ ait AND gate 9, Witll always he A subsei oft lir itiploi
labels affected 1) a s -a-0l fait oii thte inpuit (or output ) of g,.

5.3.1 Fftlly Testable Machines with Two-level Logic Iniple. Sultpose f io A s-a- I faut at tile itit Ofrani AND gate Q,. J1opfertti)
inenitations ttI. f Itlilst cause Ini to I11oe to allo0 her edge eC.. Oiil' ttoot ililuill

Theno fll f aih effctdi alabels coiitaitied itit tile D- I-lritule-cnfbe relat ise to I lie pritno cult,
Thettt ot o fil t efectciisjoi tintites (FE-i i i s o) cat; be A ppliedl aqoc iatell Iv it hl Yo Will lie afec ted by t lies-a- I faitt. 111 Itti ittiscotit a i te

too w- bwoc- ogc teii lo iagitti tioieitoiriiiicntzo-levl ombnaiwt tlttred-er-prtote-troducAsbeor. sstutitt cotilete bseria h lt'
tioiial logic niet works inttJleittent itt FShIs: that are fully testable. Tile of all outpust anld Itet-state luties ote call S iew Ilti As alest %ector for
p~rocedulre described here is lprittlarll-) contcernted withI differetitiat ing %e- fQ. E.D.
qitences of fault)\ fault -free it at e pairs. These pairs are suth t hat thle
fatltlly Alstte is Atl itivalid st ate. stince, by I lie arguiettq of The orein 4. 1. We cati stle a thteoreti regarditigp sutfficienit coiditijon. for two edgeR
if only valid states are prodiuced as fault) states, full test-ability calt be labels to be FE-disjoit oser &.-a-0 or saa-I iternal faults itt at'slet'
obtainled %ia A standard liiltlizAtioit strateg). Also. we will be deal- network.
ig on) w-ith Iint ernal faults itt t ite itetwork Leiin 4.1 guaranttees tile

u nceoitlional testability of priniar) intput, present state lute, next state Theorem 8.4 : Gireno Al. G anud T air aber,. la-r o 7t/iirtbfic tit, aia
line and primary output stuck-at faults. in2 @r" FE-dtsjoint ovier inlterna~l s-ao_ (s-a-I) faults it, e trip-let-el nft-

The strateg\ used here mnodifies the logic ininnuzatios process using work, if oner of the folloltnng conditions is satisfied:
thfe invalid slater a- dot't cares, so for each invalid state tro the following
condit ionts are satisfied. ]- 0111 6"d in2 are not both COtttdirtedl In ANYp gl-ilne (NO( both Conuti'

I. lIr is tiot required to detet any fault F in the machine S. nayD -pifcuti T
f. tit, and 1112 art, both -onltainled in a1 primer pt (or in a D-l-prnut(.

2. Jr is distinguishable fromt any% valid state in a specified number cube of a rrtate p2). amid lt, or ili2 is i-astasnd in some( other.
I(> I) ofstate transitiotasor i . never appews as afaulty next state, piriffi P3 trle srstesm spi irifjrin ,trp
Sial ie equivaleni to the true next t. se-,tCEt5eupta i prm P (r2)

The goal of the ininitnizat ion pt-oerdure is to satisfy Condition@ l and 2 Proof. First, constider Con~dition 1. By Lemma 5.1. for alit inpilt-label
atd produce ani area-1itira oIc circit. Tle prints iniplicant gettern- to be pert urbed by A 8-a-0 fault it ""t'At be conitainled tit thle Isrititte
ttont And coveringfsteps, that arevbaic IQa two-level Booleatn inininiizatiott cube Asociated withl thle fa1tlt) gate. SjIlitjArlw. for filt ittpttt-laberl to Ile
Are niodified to this etid. perturbed by at s-a-I fault it 1must hie containttd inl Ile D-1I-printe.cu le

%%e tio% Apply thfe notion of FE-diojoinlnees to two-level ntet works. associated Witlli t(lie fA01%t gate. Thius for two itipla-labl o 0lxii tl lie



cotritted by a gioien ".-0 (s-a- I) fault tie% t1int both be cotntatined lime more FE-dictojiti ii~s oousitraitt. sinceo iAse have to etoislire ta it
wsithiii tire same primte cube (D- 1-pritie-cube). If t his conidittin is itot olitput apperti'ili han ittalid stile (titier sitme oriiri, milt roiili-
miet then ito fault call sittmulmstteou-l) pert urb bat Ii edge labels. nat ion) is uticorrupteil if the stwe it prodioced aos A fatult) state. if ile

Next. consider Coniditiaon 2. If F is at the iniput I of am AND gate, for output is riot distitici frot tile out put produced 6% lite tr state. t lit-i
F to truly perturb anr input.--label it# no other AND gate feeding (lhe OR the next slate of tile faulty state has to satisfy tire conditioni described-i
gate asserting tire PO. call haie a I at its out put. onl ti. This implies ill Step 3(b) above.
that if Pit is perturbed by, F. for each PO fed by 9i. thle input-label ilt
cannot be conttained iii any of tire primes correspatnditng to tire other 5.3.2 Fully Testable Machines with Multi-level Logic Iniple-
AND gates feeditng thle PO. Titus. the itipit-labels perturbed by F are mentatious
restricted to thiose f irst Serve as prittalt)% tests far I in lit. Conisider a
S-A-O fault.- F. ait Ilie output af ait AND gate yj andh associated prime We wish to exieiid thle resilts af thle prea aoiclstiai to tiiilti-lerol iii-
p2. Far F ta pert urb ati input -label ill. ::o AND gae feeding thre "atile pletitetitatioat' A' tIecfore tire pararligiti falloAa-t it, to eiitire i list ll
OR gat?) as 92ca i have a I at its out p aI oi i. Thlis implies that ifoti differentiatitng "eeices. for possible faili) l/fault -free stlate pair, i t-

is (otoiiite l in a pritme assertitng tire sate out puts as 92- it will riot be duced due to afanil are uttcorrmpted In tliat fault.- Thissaccomuphisltei
perturbed by F. Thus. the input-labels perturbed by .F are restricted by applyimig tire noat-in of FE-disjoiness between a pair of eodges to
to those tirat serie ans irredundancy tests far p2. Q.E.D. inulti-lev-el comubiniatiottal itetworkr. CGumattteiig IFE-dis-ioitt ies'l 6-

We o%% deinea poceuretha prducs afuli, estbleMooe na- tweeti two in pu -laloelu is nmore coniplicat eod iii a int Iti-lIc'el iipleit cil

We nw deinea prcedre tat podues aful) tetabl More na- ation than itt a two-level iittlleitettt-atioli. This is duer to the fact titat
chine. unider thle architect ure of Figure 5(a). a sitngle fault in a mttlti-level iliplttient-at ion tmay be equtivalet to A

I. The OL black is minimized with the invalid states used as don't tmultiple fault in a t wo-level network. To sittiplif% Iltitigs we rest rict air
considerationt to those multi-level networks; thou aIre tire result of ait al-

cares. attenmpting to make sure that a maxiinal number of invalid abraic fact-orizatioti [4t) of a primie and irreduuidamtt two-level titaot k.
states produce different out-put comintatians front all or a maximal tiforumnat ely. space hiitatiots itake a review of ke3 logic xytilt-i'
number of valid states. If all inva-lid states p~roduce diffrent ou tputIS concepts such as cube, kernel. kertiel-cube atid factor ittiposooibfle. 1iw

fron eah ofthevald stat-s. ncatititialv mnimze te NSL 3] gives ao good treat nwnt of these ideas. Recently it was Shiownil iii
block and exit. (Two invalid States are allowed to produce the that each sitngle ittertnal fault iii ait multi-leviel inipleJnpoeittatiori tloat Ia'
Salle output ). algebraoically factared fromi a pritne aid irredutidatit tilva-lea el net "ott,

2. Far eacl Iiialid stat e i-1 . fi zid tire set ar valid states is equivalent to a nmult iple itterntal fanuIt itt tire twvsa-level tiet nat ik Ill
Qj= got. _- qtx., that atosert the satine output combination ws particular. it calt be Shtowni that atlltyi sitngle itnterntal s-a-O -a-Il faih iio

the itivalid state. atid Such that it :) 9L, or qi-2 D iti. alt aolgebraicall factored net work isi euivaletit ILa A s-a-O saI 0
pie fault in time associated two-level tietwork. We therefore begini wit I

3. Perform ato-el Booleant iiiituizsatii ott tflip logic of tile NSL perturbat iott cotucli onq for itittit-labels tund~er at multiple fatilt ill lI%,-

block. tuit iiig t lie follawinig coitdor ion,: level ttet works, atid t(Ient aptilo thlese results toa algebraicall% factott-it
itetaorks.

ta) I e filte itialitl state' as, iloit cat-' for all priiitro inp~ut tal- Lutermua 5.2 :(ilie, . G a nd 7 a-4 too Lc~iiin -5.1 and a md~o
ues. 6-ea-0 tiitettio faill f tit T. if f puer-li an ipitr-leib/ it, it, (, th,

lb)I For each Iiialid state i. eiisuite thlit t here cx ist~s a Fil %ect or Ct-Cry prin? C(t ti-/ wic/i itti colt iti-d tit a hitive ~t affl'i d Sy b,, l

Is 'firat distitigises it-, atil qi C- Qi. 1 J5 < '?i. That fauilt. Furrtttoit-r tal pe rltftbipoi cauists soitic n(ttet-sot i-it-m~l
is. :i-, pradttces differetit next states tar ti-1 and qi2 - such t hat that fottite -y tin.; I to hi-c tui 0.
the next states assert different alitp SI coinbinattoits. v'ia atl
appropriate select ion of pruntes. Also. thre vector pairs corre- Proof: The effect of att internial s-a-O fault ott A prime i- to reitio\.-
spotidintg to i E Jo i iil qi 1 aild ill 4C- itt are cotistr raited t-o thast primie fromi t(lie cavi-r. 'Ilie effec t of ap tnmber at ii .rt -A-0i

be F-dijo ai oer (pciiiiita lt il h s- faulIts is to remtaae each affec tedc primte frot itire caa et. I h'1 lisc ii

interiial fakii, Its i thle tit wak catetOri elnintg to filie ca' er if pritmes Affect tilie utet"-ark iii a preiciaile aa If All tflie line'I-e io

qi,, iii lfii e qij) I- is all appropriate select ion at prities coa-ereul sit ittui-Iatbel air tissitig t leu thlit itiit-lottel "~li fot ti,
thIat, sat, isl' t coniditin ofa Tlteoreit 5-A. resultetd intsaute next-stalt a primttiar output varciatles lisa tugl tire 'i

I nia% results, i iltos. s~atin- \arialiles lisAi tug lie vale 0. Itifx~t,

Theorem 5.5 : If /hc pr-octidity a/eli( conipf(e s stucessfuilly. it pro- variables are Atfecteid lieu ire iiuput-latierl is peritirbeil Note thlat Ii
durs afitly ertblr Moreintchif.necessary far all primeils caveritig sit itipout-label t-o bc affected tbefaue t lie
dits t ull t~tilie /nttytiuiluui itIut-labtpel perturbed. Q.E.D.

Proofs Faultii t ie OL block calt be detected 6\ justificatioti sequenices We wish to use t his letinis to arrive At cotiditioii' fat iiptit-Waiels it,
to th le appropriate valid rtates titat prapagat e thle fault to the POS. renmain FE-disjoint iii tire presenlce of a sitigle internal s-ap-o fault ill sit

Consider anr initertial fault F fi tire NSL block. It F results only Ini algebraicall) factored tntl -e e twaork.
fault\) text states that are v-slid staots or iitivaid states assertuing different
oult iii coinbtittiattsnc fromt thre true valid ;tate. thein F is testable. Wole Theorem 5.6 : t-c ii A]. G Cnd T ax abotc lot . lie i at, looi
hiave to cotsider tire pomsibilit) of F resuilt jug itt a faulty /fault -free state fact-i-:tiou ofT. Let toil nd itt2 lie lito ita-lir ofGC nd 1/ ril
pair thlit corresponids to ati Iitvaliit-vslitl state pair. lltatuiela 11t- 9Ai, - lie I/he set of all pttitne A of T that coit- ti sitS ldt, Pol be i/ut t,
wsIl~c )fI bt oiassert t lie same Out pitIt coitibil tiat ioul oil pit s of T that cato m2. The f 1 it-re, sio-hIn Iii ald too ,, 2ii

Sinice F is it tnt ertial faill it - catilt oI% itiotoatic all)i icrease tilie arc FE- ditsjnttio ni-er ijoii tn s- a-0 fopolt iii A. if both P/i t, a u di it;,ti
faith statpe bits or motnotonically- decrease thIeiti cf. Tteoremt 4.1). tint coittatind ti any AttlQ/r prit( culle ii 7 and tio factor ci-tiachid it
Thterefore. it-1 D qior 9t-j D tr r- \%e catl t hits discard faulty /fault-freet the farftnintru of A conllaits cubes conttiot n t c r-ry joio titill atid
State pairs thait dot0 sati1sfy these coinditiotns at Step 2. If it~- qj-, every priittc ii P2.
appeared as a faulty/faoult -free pair. it tenis t hat r E folni, ) was PofTa ohii tdii r itcttate i l) iil rti
corrupted to irk. instead of qt-, - If Plot D it-u. tilet" it imeatis we ace cube it -T is, simpli, resistimng tlite cotndit ion of Theoren ?i41. Note thlit
dealimng with a aaO fauol. Thten. a differenu titing vector ik for it-k. qg hsctdtiuittle ka taidP r hsott- )Litta52
will itot litae beeti corrutpted sitnce It i t-, attd t- are IFE-disjoitit order ford~o a s-a- fault per nrd P21 ite titt affectB evr)pilit in
over t lie a-A-0 iitertnal faih set. %%Ve cail sinilarl) argue thre Aa se. n inalt order for a s--0 fault to pert urb itt2 it nsis affect everytpie l )

Thtus. we can) detect F itt tite next st-ste tratnsitiont. via the utteorrupited an itipriodefra"-fultoetrb12itlHtarotee%
different iat iuig vector for it,,rj.- Q.E.D. Printep ill P2. a IfsA sitigle "-- itternal fault itt A pert tints tit j and in2when thle fault is apsplied and A is collapsed to two-levels (I-lie inverse

Thle procedure is easmily extended Ia tile Mealy, machuine case (Fi - operation of factorizat iott). then everv proimeo in bollt p, stnd P2 mutlst

ire 5(b)). The procedure to produce a fully test-able Mealy machine is have been affected. For this to ccur. during factotizailiout there ui5t
Simiilar to tile Aloore itachimic procedure, except chat during the minmi- either be maine cube factor c Such that c is a suls-cuile of every pritie ini
ittizat ion of thle OL block, we call make choices as to what vectors can bothI P, and P2. or there titlst be solve kernel factor k sutch that smie
be .used to distinguish tile inivalid slid valid st-ales. while maintaining kernel-cube of & is a sub-cubeo of every prituic ini P, and every prime ill
pnimiality aold irredundlanocv of the OL bslock cover. During the miin- P2. Q.E.D.
imiloationi of the NSL block, we effectively ensure for State pairs that Uieteermlat riea narri atraisiAi hc
do not hay'se a differentiating vector I ithat a two-vector differentiating me- Usnthwrulsoarieta lgbicftrztonAnwih
quetice for the pair is uncorrupte, if thle two st-tes are produced as a ml. mo im2 sme FE-dlisJoint with respect to anuy unternita as0C lasult re-
fasullfty/fult-freer pair. quires first building sets P, sand P1. During cubep extraction. a cube

Finall)1. the procredure call be extended to syithlesize Moore or Mealy 4Coripainly. pritiar-a jitisuti a tou pradcme Aims-it it-io btll sit-t ill &"l
mafchineso uiider tile lumped architecture of Figure I(a)- ham this case, we esily metaile by oilier imuessi
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c is eliminated front proisilerat ott As A factor if.o is A atib-cube of ev- pair ill an% oA.. Ili this stecliu %%v- coii l, it- sittion, in, n-lilih fi,'
er, prime in PI ando etcry primte in P2. If this cuibe were allowed. A fault thJat prodtires tile fatil /lattlt-frer sl ate pir (loes if, fact t-oTHlii
"-- fauilt onl tilie Output Of the gate associated withI the cube couldl tile different t i~tt g se"quette. btitl lite differentiatingi seqtieitt-e. ot A smili-

* potentially eliminate all primes in P, find P2 and as a result pert urb sequence of it. still has, differenitiatlig Iseiaior for I lse faulty /fault-fre-
b___ oth Iti, tAnd m,2 . Duringl ker telrext rae tiott 131. a kernel k is e Ilintinat ed rotate lAiT. Tile C ire ~tttAIkes under WicIth lj i iliott llot ocrI Attae I0U front consideration as a factor If eier prime iii P, aitd every prime fit difficult to classzify thiat we cali finld nto genieral conidit ion fiSt hmlesiP, contains Ais a sub-cube somne kerniel-cube lit nteed not be the same lihicit ensure.- tis. o hsr~otc ugs al iiltoia
keriel-eube ill eacht case) oh 4. If t his ketiel wecre Allowed. a r-a-O fault the best wvay to recogize tlite iaiiietaitce Ofra differeti titigseitenc.-
ott tilie out put of thle gate as,-ociated wi Ithle kernel could potentially '% eve whent it is corrupited lay thle fatilt it was iietided to dletect.
elitiitate all prities fi P, Atnd P,~ slitd a' a result ptertuirb botht ?t) antd To Ittotitaic tlttitmialioit. eotsidi lit te seiiario tit %iiu t ,, at.
mt2 . All 0otier facrtor- are '. able. It is 'Aortifi tiot lug that whuile such fac- Fiseit a circt iit luiet u a se(iietial miachine slid fot earat-li f
tors thtat vijolate tlife FE-disjoitness condit iont ilia% exist. they appear A~ ai ici utpoue tt~np e ffut fil~rep~
t-o bew highly unlikel] P = {pj. p2. ... p..,) and for each 1P, in P We Are giveil a tioti-ipt y "et of

Chiaracterizinig t lie iniltice of &-a-I fatilts ill a multi-level network is differentiating sequntes So = (stI. s ,2. ... a,,,,) thtatlreti >d.-
niore COittlieited thani t tat irtgarding s-a-U faults. Ili the easecof s-a-U the fault. The imipleimentat iotu could ha~e beeni proiduedu by otte of mIii
faults, each input-label li that is a memiber of tile ON-set is covered previ our; sythlesis procedures tin t lie psect iott or by iiaiiial design. Stitl-
by sonpe set of primues And for inl to be pert urbed all of thlose prinites ilarly. tile differentiatimig sequtences cotiltI hate beet produced tiatitall'
fltIus be affected b)- sotme s-a-U fauilt. If n itiput-label in t, a member or via aut1011mtic test(-pat t ertt genterat ioni. We thieti wiflh to oil[tintize I -
oft Ihe OFF-set tlheit for each p~rimte p ini T (.here exists a k such t hat HuH circuit ini SuCH a way thatj~ file full test-ajilitv yof thle circutit is retaim.-d.
is conlittied itH a D-k-pritne witht respect to p. amid a Hmultiple a-&rI fault To be certain tIhat tie have A ftill% testable HiiAClliie we wish to enicurie
affecting aity~ of tile prtimes ill T may pert itrb Iii. thtt*eesqitte r eatelafter oput imizat iont.

A simp~le Approach tod(eterinte if t le opt iiiied mhintte is still fujll'
Lemmna 5.3 : Git (Hi A]. G artd T as aoev. asid a itiilple a.-a-I -'iter- testable is to fauilt sittiilatle each S,, Ott f. If thle belta% or of atty ,
miotilul f ii T. if f perritrba an miptut.Ittbrl iii G the~tir uctita O iried is uiichanged b~y f thleit a differeniat ing sequietice for f clearly.% ex't
wilyut, a D-L-pruuu relopptrie to ait affected jrivt ofT anid ima is not colt- Tire mtore inters ling case is where thIe beltat or of all ituetti- of 1,
laimtd Ili tiy oflier priitt of T trlritr.tatii7rati eut is rchatnged. IHi this case we fu~rthiet autalze the results of tt,- fl'
tit 0 somfiiirtate iarul, that fointtrly vuas 0 to heeoiute 1. simtliltiolt of-arltS to see if the belia, or off the fatity mtacltiti silii

Proof: Thle effect of ait itterttal s-;- I fault ott a prune is to expatid differetit fronm life befiavior oft He trie itiartitte. As buig As tlie beltax iot
that primie iiifthe cover. I he effect of A itumtber of initernial s-a-I faults differs. sa,, i st-ill a differeint fat itig setlimice for f.
is Ho expatiiu eacht affected rittte frott thle cover fi each literal th~ is As stated ii Thieorett 5. 1. weoii ly reqIt ire one( d ifferetIiat ingtip 1 ii!r

I-ie" exa ldlieasafetlfentok l eitbe IAAN for oit( fault% /fault-free state pair prodtured 1t> a fault to lie ret attt.t
Somte iriptiaettd litel afet t te iet strkitta predctbl A/o A fai. .a proilutre sev eral faith ' /Ifautl.fu.-e state Isait basil i, oilu

text state %aitalils Iteitug 0t ito" restuh ii, tlto .i sati e% varia tles be-ittg 1. rttattoti %eetors ate apliediil Thte-, state tairs %%ill ty' lpi-aly Its-
Theti ittt-laltelsItltat %x ill lie t ltit affeet are exactly\ thosemiput-labels iuutAlCllfrttaitHsiiute ~ ' micui'tte btt es is Itii

tha at rtititetiwi li,,a Dk-1 t utereat ieto taffected primte. Fot proc-edutre tmightt sittuilati aPll piossibule iltireittiatig secitietti-s fior all
itsltire. if the primte cub~e tibcu is affeled b\ fatilts a atid i s--I tlteit lcpssibli aute ful~te starl, pairs (lite to a giseit fltl attil cluec. ii

"ee if an otie of them'tt is ret situ-i . .4 cotiliitatiotuall% etficient but
any) input -label conitainted in thle D- 1-prinuio-' so brci or ob cd or t lie D- 2- opt itial/imotc resit e itroceitro, mtay foctus ott A lia'ricui(l ei Itf-i.tti
prim t , rd Avill be pertitirbetl bN It i% itttlti ple fautt t, uniiless it is already ati ig seqtliec for each I possibIle lAi I /fa itI -free state pait an itilc il tg
coiaiieul Wilit SIiI sOtoler priiie fi T. Q.E.D. just tile Ottl- for ret-amtteiit.

iiarne a eoidiious fr iipu-latel to A- tietitott-i ealit., plite iltlu-r.timatiijit se-upieiice, mia> In- nii ,_
W'e ivislt to use tliti- lemmtia pr rieapodiiii o n-i-ae-t l or nt,,,ltiI ;d-ertots . if f lit,\ coti of Imiiltille sitst a s~ttio-.

remiiin, FL-di~jl~s~ Ii the piesiir- of a sitigle tiuerital s-a-I fault tit a ilia\ Arise %%heri a fatili corruit iis l so ilih,,,i.alel ot r t~ilti a--
algebraically factored titti-lesel tietNuork. socieel "fil i tiljui-ttetl iai. itiput \eror. %,iit i lii resuilt that a stit,.. Theorem 5.7 : Gi, ( it 311. 6' at-i T nA ah, ,. It fA bf at, alcht-a- seqitetie of I,1w ot igitil tlilfeiew~ iatttg '-,i~u,tici. is tm, A hT-.jitl11
Jarit i-,to of T. Let poor apid Ii, hrti , mut-lalus of 6;. T/u trip se(ilelice lot exatpIvl. I e equtencett ... ... 5, tutiglt k, tt~i.

iuiput-/al(ie/ it), anpd mt2 i, (6 are FL-dusjoils o,-er ,.,leri-i a-a-I fan/IV ini Atirl a Ncay that Hte sub-seqiteite aj ... s. is ito%\ a dtfleieitiattiig
sit A. if Pitn factor of .4 confiaii it i-itb c such that if terl ifft-ca/ of r sequene.
s oxpa iidord ti (ac/i pi t itii Ai t4ilu/ ici i- appea ra thin there doe s iot0
crust aii es-jianit/d lit-iiiu p itt T tat cot, i-a Iii atid ait (7papidid pciitte 5.5 Optimal Synthesis Procedures

9 tt Ttha Pror rsmi.The procedur- of Sect ion. 5.1 atild 5.4 souight to dlirect>. eimire that
Proof: 55 e are coiteeriiedi ithI itteti if> g tilie ci rc umist ances uncei pa rlil a r d ilfereliialinti sequci are retainted . Here %I'ecctii a s-.it-
wlucli boll il jAind mt2 are perit irlaed b)y a sitiple s-a-I fault. For each t hesis procedure thati simtply gtiarait cthtat a dillereti atilug S-eciliemice
of Pitnd it 2 to lie pertutirled, it rist be coit t ilted ill sottie expanded for a valid/iuvalid mtate pair will alt, exist.
cube. A s-a-I fault ill a oritbe factor r- resuilts ill raisinig eachl literal of r Tire procedure of [8] tses repeated logic utittitizat lotl to arltiese ilF
ili eaeli prtime fi T from t ic r Itei -- factored. If ito expanion rest i- dislotit tess betwtince i achI ofr liet itt at -la bela fi a diftcr cciliia t 11p 1 -ip fromt A s-a-I fault ott Ai\y factored cube siniult-aiteousl\ coser5 it quetice of itisallel/%alid I(fauilt\ /faiiit-freeAI sate pairs Andtil le inilt-halti-
astil m,. thleu tii HAnd it 2 ace F E-d isjoinit unHider An~y itterinal "--I fault, wa-hose perit irlwictOtt ca til thle inivalIid failt> state.
Q.E.D. Givnen Ali iticotit dletely- specifiedl cottliinAtiOnAl logic fittc iou. w~eca ii

Obtaini a primei Anid irredittdatit iiiilleitieitation oftile logic fiuctsijot,.
To seoo these results to anrie at Ai algebaraic factorizationi A it. which iii two-level or lnmut i-level formi. that has thle followinig paropert ies:

tnt, fitdS ii are FE-distoitf iwithI respect to Ali\ ititernal a--Ifault, it isa
stifficieWi to conisider thle itmipact ott life Hnetwsork of a s-a-I fault ott each I. Ali iiiput test %ector exists for every sinigle st tck-at faut ill flie
poten~tial factor. Specifieall%. during kertnel ext ractioni. at kerttel-cube c loi iit'ok ha ie otide tilie dottcr Dlseaidiit-
is elittitiated frott cotisideratioti as a fact-or, if expaindiig Lihe lit-erals of ON or OFF-sets.
or in acht prinle itt T itt iihich or appears, result-s iii anl expanded prime p
that coser, HipH amid an expanded Prittle 9 that Covers ln 2 Sunlilanly, in 2. At least one of tile Output va-Ilute that dliffer in thfe t-ruc atd failty
cubae extract-ion, a cube c is eliminated front cotnsideration as a factor. circuits. ott tiHe application of tluis input test vector. will niot comre-
if expanditng I le literals of c in each priiate in T in whichl c a ppeoars. spomid to at dotit care out put conicitioli.
results iii alt expanded prime p that covera mi, and an excpande prime
9 that covers mit. For examtple. Wsutiie wer are giveni tife function F = Itt tile procedure of [$). I lie approach taskelt is that~ t lie mecuditiAite of
sabrd + abe'd and intptl-hab)CIA pill = abed' amd PIN = ab'c'd. The cube Figure 3 exists because we have tiot exploited Ithe doni't care correspottl-
ab would riot be considered assa factor because a a-a-I fault onl ab would) 1fl5 to time edge (0, s3): we can apllf ulO., s31 = (PIC P;2) aitd ot
result in tin, brinig perturbed by tite expansion of the prime abto em juspt s2. The following procedure of repeatijed logic mtininii ion1 A"-

antees upomt contvergencue that equivletit-state and invalid-statpie SHFsand 1u12 being perturbed by the expansiotn of primeit arbe'd to c'd. dont1 exist itt tite result ing mtachmine.

5.4 Fault Simulation T litinate-equiimalent. tate/ isomorphism-.SR~s S I

Thte procedures discussed itt Sect ion 5.1 seek to retaint differentiatinig
amquehtces lay ensuring thlaf t al fauilt whtich lprodluces the faulty/fauilt- "Specitt milS.tsn-t-ti wn orxt.ii I, l is die ithate-tujiisiei-
free st-ate pair canniot corrupttlthe tile differetiatiHug sequece for that mai% be corrupti-it aunt filtt uriio.-



dor I: #tll # j1 #slate~ #edige, 1!!# 1
if(ifr I) G =extract -stgl) 5 1x -- 7 24 i

else G = extrect-stg( S" ex 2 .5 4f T ~ T
toreach ( valid st atIe q E G )~ T 2

Find all valid states ( -i. . - 5  ll ~ -*.

Find all invalid stat, 1 1. ir,,) q I I U1 ~'
DC 1 : faiiitt(q) .. ,,.i'. t-,;e -g --

Find all ipt-lab, differeut iltitg q anod s 9 47 - -77*~ ~ u
oDi2 :. famo() l. 11)1, -__ q)=_1___ S 11

DC2 o : fn 9t~) = 1, , ) 7, T(i q) =u tiy I ss

S' optimize( S, DC, . DC2 )
11' extract-invalid.states( S~' ):Table 1: Stat iis of Benchmnark Examples
5" =optimise( S'. DC2, I:

ik = 1te + ___________________

Iwhile( S #S" LA I" ~SIAND ]It) ~rtUNI-~ LH-13

The procedure optimize)) produces at prime slid irredundat two- exi 45 go9 2.4 *.5l U Of -1.0 4TR T0 1 2.0
level or tilut i-level network unider a don*t care set. DC 1 corresponds e X2 Ti96 48s 63T *TU 3's 60 001 0
to thle don't cipres described above. DC2 is a miore complex dont't care bba ra 68 IOU 1.8111 ON VU 11) ONi~ I" U IJ ),b~ill
whose usage eistres thait thle invalid faultyN at-atedoes not becomleequiv- lisse 12 T 00 3.2m- 1' T24 TUT 2.6mt 1.!4 'rmr T T7
alelli to tile trite valid -late. DICjs corresp~onds to the don't cares due *,-- 997 .5-Ti1T iW 1 DO 3T6 1T7 ' "' T W -T~ '.(3

Theorem 5.8 : The' proctduiet of [,ql guaanttees that at least otne in- j~~i )) T *r5-F TU =2~ "73'T _TUWrT1
ialid/i1alid fatilytftfru sfafh pair produra~ du( to a fault possesses scr- - 19 wi 10 i _9I1 7 rniTW lt -knW TM T17V_

adiffreitttiifios u(rte Ills a us FE-disjoint frow the input-label whose *sl 1 .13 1 ~ I V-1 N 257 q--W = 7W-! _17_
,n rtttrbationi caits'd the fautaly sish(. I 5___b___11

Proof: The procedotre hiar specified ilon'i cares corresponding to thle
eqaeti acre of i ui ai d/%alil State pairs. G i~ et hat f ile comtbintationtal
logic imptleenitat ion is prime aiiil irredildti untder thit don't care (b)) Al tncoitatraitu";l titulti-ele logic opt imizition % A, a;ii
.et. DC1l. we are guatratieed ait itiput--label pert urbat ion outside DC 1 . out. Note i liat ili t il cawe. we catitit goaratitee too17 ela
J.e tilie fauilt v state p~roduced 6by(tie inipitt -label wrill not be equti valei bilit i.

to the true -tate. Further. ititing t ite dot~t care set. DC 2 . will ensure
hat t lfanmt of filie ittalid fatli state is plot corrtpt ed to make thle 5. Sequci tal lst gettrs ot il e pwlierformerd mope efiirciiw Ii ii I
invalid state it) tile faulty mnachtine eqiiialettt to filie true state. i.f. a care thlani via STA LLION. shire we already kito%; all i lie itirv-
differentiatittg setilletice of thle itivalidal salid state pair produced w-ill bie ritptled (I li ti t a auietics for esi p~abefnI ,/aii

FE-disjijii from; tilie pert urbed itiput-label. Q. E. D. stait patl. lirie. tile protpagatnit stept itt STALLION 'laoil.

Note i list (Ihi, t lorei;; iii coanjuict 0ii it I Tlteoietti 5.2 etisures full In Tablo I. %we give t lie statist ira of tilie beticlitarL examtple, (inn"
sestabilit~ for tilie sNniliesized seqitettiail itiacltite tilie NI('Nt. Logic ' eisilc Worikalaop) Ali idtitiftial soutre, 1 lii.L

stilts otitainleu oil these exAnitils ais rotniiig Ow. sati'lal '

lprocedltre and I lie tw'o optiin i lie tieti irocedire ate itutulari7ed H1

6 Results Table 2 icer the coltiumns STANDARD. COVER-A attd (OVER-H.
Thei niumtber of lit eralsa ill (1lie combintationtal logic (I llt. fault co'crAg.-

In this stect tol. wve present p~relintlittary experimietal results using the obtained (fco' ) aotirl e (*Pt' timpe for test geiteratiott (t(pg l ittle) sic
sy nthesis algoritluns prestented in Sectioni 5. itadicated ilt I(lie three cases. fill amild [.2 are part icilarli, vicious ematin-

A siaitdard synthesis procedure was first adopted. The procedure is pier. Tiley. each have a large mbiier of it-ates anid a sitigle outpot. All
as. followls tile C"PU tlies are otl t aVAX 11/8800,

COV'ER-A results it; 00 lOOAestlalle dlesigna With) small area o'erlieads.
IState iniilinizat iou. that reqire less ("P1 timte for test getieralicion thani the STANDARID

2. State assignatiett lutiotttraitted). proceduire. We caittlot gilitaaite full testabilit\ via COVER-13. bt
allows for lte tise of mnore powuerfutl Booleant operatitan Anid hience the-

3. Two-level Boolean tmiimitizationt usinig the invalid states as doi't area overhead is snialler thtan via ('OVER-A. Ifigitly (> 99W~ ) tetattle
cares. realizatiotis are obtained ill all cases via (OVER-B.'

Wte nete~ comipare this alpproach ivitli previotitly prop~osed sttlei
4. Itlitlti-level logic optimiizattionl (bothl algebraic as well as Booleani approaches to acliiese full test(alilit y. The comparisonis are lprenetied ini

operat iOlir). Table 3. Utnder tile colitmnt COVER. we give thie resutlt correspoittlig to
C:OVER-B. if I lie restult ing design wag fully testtable. Elste. wue gi\ e t lie

5. After synthesis. tests were generated for the circuit using Lte se- result of COVER-A. The colunin CONSTRAIN lItaslie resiiltsolltaiited
iqiunt lltest generator, STALLION. bil usitug lite contttrainted talue assaigtttnetit and logic optittizat ion pro-

Next, we used thle synthesis procedure described. The procedure was cedure of 17). The colutuin OPTSYN hiars Ile results upiitg (lie optittial
afollows: synthesis procedure of (8]. The nunmber of literals in (lie comtbintationtal

logic. (lit). tile CPU ti-mw for synthesis (syn. Cile) and (le CPU tittle
1. Samne as Step I above, required for tes generation Itirg time) are indlicated. All the de~igtia

via each of Lte procedures are 100%A tesltable.
2. Same as Step 2 above. Fromt the standpoint of CPlI usage for mlinimlizationi and tes pat-.

tern generationt the CONSTRAIN pprocedure used the least tie, bitt
3. Two-level Boolean minimsization with constrained covering, required modifying UsCie original design. linfortunately, circuit miodill-

4. If each invalid state asserts different outputs from all the valid ii5whcmdhvimtraeesipci.suhsadigiptao
states, then an unconstrained multi-level logic optimization step) outputs, can be expensive (or impossible!) in typical design environl-
was performed. Else, two different optionis were exercied. mns

The COVER procedure complete all examples with modest to rea-
(a) Strictly algebraic factorizationa was performed. After fac- sortable CPU requiremnents. The OPTSYN procedure required fihe

torizatiom. the resuting network wast analysed to check for greatest amoutnts of ("PIt atnd wast prohibit ively expenlsi.ve Otl otie exail-
cuibe slid kerntel factors tlhat could potentially cause redlun- pie.
dinc . The nodes corresponiding to these disalowed factors Ini tertiw of qtalit% of result. OPTSYN uniformml% lsroilttced (lie sall1A1-
were pashtd (collapsed) ito their fattits. es( designs. COVER's resuilts averaged were wit hut -5' over all amid were
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fsI 4.51 3.7m l1n 544' 2-8mt 39s 1423 1 1.3h 26mt Sequeintial Logic 71est (Geiiermi ot. Ili Pro(. of 191h Faeltli o

f? 57$ .5.tti 1911 66T,*' 3.91l .51f > 211' Collipating Symtposiumii. Julie 1989. to appear.

1n~'lne th aditio ofan xtr inpt ad ot pt.16] S. Demas. 11-K. T. Aila. A. A. Neutoi. and A. Saiigioaisiu-
In~o~es ile ddiion r anextr inut ad ouput.V tcettieci. Optimtal Logic S.%nlhrteis &tid Test abjlit% ino o-f

2The synthesis procedure was terminated afier 2 hours. of the Samne Coini. Ili Pine'. of )inf,'tational DOs Coufmrct. page,"
3-13. Septemiber 198.

the precisel% the sme as OPTS VN/s onl four exaitpleA. COVER's re- [7) S.. Dtevadas. Il-K. T. lila. A. Bl. Newlott. and A. Satigio~atim
suit- ott area were uniformtly superior to the CONSTRAIN procedure iittel.ASyths ttlOtitztiiPrcuir'frtlt
resultin itt8 lni axerage ITiA intproetieit. and Emsily Testable Sequenitial Mlachtines. li IEEE Tivii,aacrti

Overall, these results indicate that the COVER procedure improves on Conipatcr..4:dcd D(sgrt. October 19S9. to appear.
o'er thle previous procedures froit the statndpoittt of quality of result ]S. ead.I-.T.la.AA.N ti.atuAStgost
% ersus CPU tlime reqttiretiteit. hlot ituportaitti tilie COVER proce. Viticentelli. Irredittidat Sequentia Ms iacines \*ia Opt imiat Logi,
dlure is able to hatidle designts that the pre\ jous procedures could itot Svttesis. Ili Pret, of 231ud I-ou nit (oiferr ti ott Systit i( -ic
(witliout titoelificaltiolu I avid to appear inl IEEE Trantiictoi; onl Cotitititsf u-.4 idfd Dt i s

These results show that a sy ttlesis user seekinig complete testabilit Jattuary 1990.
presently has- a spectrum oftiethlods at his disposal, and may choose his
app~roachi based ott the peculiarities oftfle ex'amiple to lbe synthesized and [9) G. D. Haclitel. R. M. Jacoby. K. heitizer. anti C. It. lilorriso.
tile relati'e ittportaice of sycilt esis (PlItitle. TPG timte. finial circuit Ott the R~elationip~t Beteeti Area Opititmizaitin atnd Nililifa
site andtil e difficitt of icorporattig citcmtt itodificatiotis itto tile Teslaltilix or NMullijlexI Logic. Ili o,d,~,f Al, i
comtplet circit des igi It of-A.u/r, on; Logir sygnth"'ts. jiti' i.'t

[I0) E. 3. Alc~ltisk.y. Mjiitmizationi of Boolsai Fittitioti,. it, /W/!
7 Conclusions mL. 7(cttial Journal. \ohittit 3'. page- 11l17-l1111. Bll Lal,..

Nosetiter 1956.
A vs nety of leiccIqtics lis- beet i P otoacel to Atddlress tile proitleut
of"s lit lesiz ing fully test.able sequetia sI tachImtes. At onie enid of thle [11] A. NIiczo. Digital I.og c r T aig aniid S n iltioni. HIa rpe r ati itt l .
spectrumit thtere are opt utal sy ti esis iroccdires t(lit etnsutre full testa- New% York. lIIJt,;.
i lit I)b% elimiitaiting ccii ii itilsi \i ia -lie tine of appropriate doni't care

sets. At tilie othier cnd of filie sliecrum iii thie ate counstrainted syit lie-
gis proced tires thlit proiltire fitlly an ii anil\ test a ie sequenii al ci rc itii
In restrnctm itigle itrpleieti at ott of thle logic. li tltis pa per wve at-. , t ''ed to uttif% Atnt extenid tle~ test i oil \\e firsti deniiiied clsnc

, iiltidatlien atisolalte qetmaft au-s.late ,tdu ~ t'hose tito
tji! tilt to elinuiilat e. \\Ce lieul Showed thlit tilie eSSelti il prolsletit be-

1I~ tiaeu~ti reduntdanicies is tilie crestiott of valid/ititalid state
par, AWe denoted the remiinder of tile paper to techniiques for de-
velopinig diffe t'eituaiiig s~qiie tic for %alid/itiialid state pairs created

b\a fadl, as well aus to teclitiqucs for ret aittitg thIese sequetnce, iii
fle presetuce tsat fault. Wie alt ottedI towx bothI opt ili tl anit cot itt ca itteu

sy tited' procedure, enusure differetitintg setfitetces and also used the
not ott offa til,_(ff(t'l duijotiiticus to iletiotist rate a spsect rumt oh utetiocs
Ist place relatively more-or- les ettpliasis ott eit her logic opt liiza ioul

or const rainied qv itluesis. Tech tit1 ies used ii t Ii i exploratiott iniclu ded
failt sitmulationi. Booleani coverinig. algebraic factorizationi atid statea-
sigi itetit

%%ue tbltlt comtpared the fittal resuilts ofearli oft Iese ritetlioclsott a tiuti-
her of statndard benichmark examptles Anid show~ed t tat each approah
hsa its4 merits depetnding ott tflit relative imuportanice of synlthlesis CPU
lttme. TPG' time. fittal circuit size slid the difficulty of incorporatinig
circuit mtodificationts intto fle comptllete circuit designi.
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